Clostridium tetani is generally considered to be a nonsaccharolytic organism and is so described in the most recent edition of Bergey's Manual of Determinative Bacteriology (Breed et al., 1957) .
Despite this widespread opinion, evidence to the contrary exists. Achalme (1902) reported the stimulation of growth of this organism by glucose without ferementation of glucose; Reddish and Rettger (1924) and Boorsma et al. (1939) observed the disappearance of glucose from complex media during its growth; and Lerner and Pickett (1945) reported the fermentation of glucose, with alcohol as the major product, by resting cell suspensions of this organism. In this report we present data showing that C. tetani carries out an active dissimilation of glucose initiated by an induced glucokinase, and that it possesses the key enzymes of the glycolytic pathway.
METHODS
Two strains of C. tetani were studied: the Mueller strain originally from the laboratory of the late Dr. J. H. Mueller and strain 45e from the laboratory of Dr. L. S. McClung.2 The results obtained with the two strains did not differ in any significant manner so only data for the Mueller strain are presented. The Mueller strain does not possess all of the morphological and staining characteristics ascribed to typical tetanus bacilli: it is consistently gram-negative regardless of the age of the culture, and it does not produce endospores in significant number in the media used in these studies. Pickett (personal communication) and Mueller and Miller (1955) have reported similar properties for the same strain. Strain 45e differs from the Mueller strain in that it produces spores more readily and its Gram reaction is variable, depending upon the medium of growth and the age of the culture. The property of these cultures which characterizes them as C. tetani is their ability to produce a toxin which is specifically neutralized by tetanus antitoxin.3
The basal growth medium employed in all the experiments had the following composition: Casitone (casein hydrolyzate, Difco), 2.0 g; yeast extract (Difco), 0.5 g; K2HP04 . 3H20, 1.0 g; KH2PO4, 0.23 g; FeSO4 -7H20, 200 ,ug; trace metal mixture,4 0.2 ml; distilled water to 100 ml. When carbohydrates were incorporated in the basal medium, they were sterilized separately by passage through an ultrafine sintered glass filter and added aseptically to give the concentration desired.
Growth studies were carried out in specially designed fermentation tubes (Martinez, 1957) which permitted undisturbed anaerobiosis while allowing measurement of the turbidity of the cultures during growth and removal of samples of the medium for chemical analysis. Tubes were incubated in a constant temperature room at 37 C.
Reducing sugars were determined by the anthrone method (Seifert et al., 1950) , using separate standard curves for each sugar.
For mass cultures, 10 L of medium in 12-L flasks were used. Prior to inoculation, a stream of sterile nitrogen gas was passed through the medium for 1 hr. Cells were harvested from the mass cultures after 48 hr incubation at 37 C using a Sharples centrifuge. The collected cells were washed once by resuspending in 0.1 of the original volume of freshly boiled and cooled (4 C), 1 per cent ferrous sulfate solution and recentrifuged. The washed cells were stored at -15 C until needed.
Cell-free extracts were prepared by grinding one part wet weight of cell paste with two parts GLUCOSE DISSIMILATION BY C. TETAN1 of levigated alumina in a mortar frozen in ice. The soluble enzymes were extracted from the resulting tacky mass with two volumes of freshly boiled and cooled (4 C) 0.5 M Tris5 buffer, pH 7.4, and centrifuged to remove cell debris and alumina. Extracts not used immediately were stored at -15 C. Under such conditions glycolytic activity was retained for several months.
Hexokinase activity of cell-free extracts was determined by the methods of Saltman (1953) and Klein (1953) . The reaction mixture for the standard assay procedure had the following composition: sugar, 10 ,umoles; MgSO4, 10 ,umoles; NaF, 3 ,umoles; potassium phosphate buffer, pH 7.2, 25 ,umoles; ATP, 20 ,umoles; enzyme extract, 0.5 ml; total volume, 3.0 ml. A reaction mixture without added ATP was used as a control and net activity was determined by the difference between the control and experimental tube. In all cases, little or no change occurred in the free sugar concentration in those mixtures devoid of added ATP.
For spectrophotometric measurements the following protocol was employed. To a corex cuvette having a 1-cm light path the following additions were made: Tris buffer, pH 7.4, 25 ,umoles; Mg++, 10 Amoles; cysteine, 20 umoles; pyridine nucleotide coenzyme, 1 ,umole; substrate, 5,umoles; enzyme preparation, 0.1 ml. To this system, termed the basal reaction mixture, further additions were made as required by the individual reactions tested. In all cases, the cuvette contents were brought to a final volume of 3 ml with distilled water. Readings were taken at 30-sec intervals after initiation of the reaction by addition of substrate. All reactions were carried out in an air atmosphere at room temperature.
RESULTS
Utilization of sugars during growth. Cultures were prepared in basal media containing various levels of glucose. Turbidities of the cultures were measured at intervals for 120 hr after inoculation using the Klett-Summerson photoelectric colorimeter with a no. 54 filter. The zero time turbidity 6 The following abbreviations are used throughout this paper: Tris, tris(hydroxymethyl)aminomethane; DPN and TPN, di-and tri-phosphopyridine nucleotide; DPNH, the reduced form of DPN; ATP and ADP, adenosine tri-and diphosphate. of each culture was subtracted from all subsequent readings and the differences (At) were used as a measure of the increase in cell mass. Sugar determinations were made on samples removed during the course of growth. Figure 1 presents the data obtained, as the average of duplicate tubes, in a typical experiment. Turbidity increases of 155, 245, and 320 Klett-Summerson units were obtained for the basal, 0.5, and 0.9 per cent glucose media, respectively. Thus, the presence of glucose increased the amount of growth, and the increase was roughly proportional to the amount of sugar added. Analyses showed that approximately 80 per cent of the added glucose had been consumed at the end of the experiment. The initial rate of growth was not influenced by the presence of glucose in the medium and little or no glucose was consumed until 24 to 30 hr after the start of growth. The initiation of glucose utilization in the sugar-containing cultures coincided approximately with the termination of exponential growth in the sugar-free basal medium. The lag in sugar utilization occurred regardless of whether the inoculum used had been grown with or without sugar in the medium. Galactose, fructose, mannose, maltose, sucrose, and lactose, when tested in the same manner, were not used to any appreciable extent, if at all, by C. tetani (table 1) . Nevertheless, the presence of these sugars in the medium increased the total growth obtained. The increase was not considered significant in the presence of the disaccharides tested since the basal value showed equivalent variation between experiments, but was in the case of the hexoses. No explanation for the stimulation in the absence of utilization can be given.
The utilization of the same group of sugars by resting cell suspensions was investigated using the Thunberg tube technique. As would be predicted from the growth studies, glucose was the only sugar which could serve as a reductant for methylene blue.
Determination of glucokinase activity. Cell-free extracts, prepared from cells grown in a medium containing glucose, were tested for their ability to phosphorylate glucose, fructose, mannose, galactose, ribose, arabinose, and xylose. Under the conditions of the test only glucose was phosphorylated. In a typical experiment (figure 2), 88 per cent of the added glucose disappeared during a 1 hr incubation while fructose, galactose, and mannose, remained unaltered. These data not only show the presence of a kinase, but also show that of the sugars tested, it is specific for glucose. Figure 2 . Phosphorylation of glucose, measured by decrease in free glucose, by a cell-free extract from Clostridium tetani. Reaction mixtuire contained the following in ,umoles: stugar, 11; Mg++, 10; NaF, 3; phosphate buffer, pH 7.2, 25; ATP, 20; 0.5 ml of enzyme extract (25 mg protein); total volume to 3 ml with water. 0 = glucose; 0 = control sugar without ATP. Galactose, mannose, and fructose with ATP gave the same culrve as the control. (Warburg and Christian, 1939) . The course of the reaction was followed spectrophotometrically by observing the increase in optical density at 340 m,u. It was found that the C. tetani extracts catalyzed a rapid reduction of DPN (figure 3). Substitution of TPN for DPN in this reaction resulted in a much slower rate of reaction.
MINUTES
Similar results were obtained when fructose-6- phosphate and 10 ,umoles of ATP were used in place of fructose-1 ,6-diphosphate in the reaction mixture, thus showing the presence of phosphofructokinase in the cell-free extract. However, no reduction of DPN was observed when mannose-6-phosphate was substituted for fructose-6-phosphate, indicating the absence of a phosphomannose isomerase (Slein, 1950) .
The addition of iodoacetate, a known inhibitor of triosephosphate dehydrogenase, to the reaction mixture at zero time resulted in complete inhibition of the reaction (figure 4). When iodoacetate was tipped into a cuvette after the maximum rate of DPN reduction had been attained, a rapid drop in optical density was observed, showing the reoxidation of the DPNH produced in the dehydrogenase reaction. A reoxidation of DPNH was also observed when acetaldehyde was tipped into the cuvette after DPNH reached a maximal level, indicating the presence of alcohol dehydrogenase. of this enzyme in C. tetani is also suggested by the data of Lerner and Pickett (1945 level (figure 5). These data suggest that the decarboxylation route is the more probable.
Since in the Embden-Meyerhof-Parnas pathway 3-phosphoglycerate leads directly to pyruvate, and since information had been obtained as to the probable fate of pyruvate in the enzyme preparation, it was considered feasible to assay for enolase and pyruvate phosphokinase by following DPNH oxidation while using 3-phosphoglycerate as a substrate. Such experiments showed that after a lag of approximately 4 min, during which time DPNH was oxidized at the endogenous rate, a rapid oxidation occurred (figure 6). When 1 ,umole of ADP was added to a cuvette containing 3-phosphoglycerate and DPNH in the basal mixture, an immediate and rapid oxidation occurred. It is evident from figure 6 that the rate of DPNH oxidation, when ADP was present in the reaction mixture, is equivalent to that observed after the lag period in the cuvette devoid of exogenously added ADP. Thus, the lag in DPNH oxidation in the absence of ADP could be explained as being the time required for the crude extract to accumulate sufficient ADP to saturate the enzyme pyruvate phosphokinase.
Further evidence for the presence of enolase was obtained by showing fluoride inhibition of DPNH oxidation in the presence but not in the absence of phosphate (Warburg and Christian. 1942) . When 3 X 103 M fluoride was preincubated with the basal mixture containing 5 ,umoles of 3-phosphoglycerate, 1 ,umole of ADP, and 10 lAmoles of inorganic phosphate for 5 min prior to the addition of 1 ,umole of DPNH, oxidation of DPNH proceeded at an endogenous rate (figure 6). With the same system, omitting inorganic phosphate, the oxidation rate was equivalent to that in the absence of fluoride.
In the experiments using 50 jAmoles of bisulfite as an aldehyde trapping agent there was a complete inhibition of DPNH oxidation with pyru-6 8 MINUTES Figure 8 . The oxidation of hexose phosphates by an enzyme extract from Clostridium tetani as measured by the increase in optical densities (OD) of reduced pyridine nucleotides. Each cuvette contained 0.1 ml of the enzyme extract (5 mg protein) and the following inj,moles: Tris, pH 7.4, 25; Mg+, 10; cysteine, 20; pyridine nucleotide, 1; water to total volume of 3 ml. X = 5,moles of glucose-6-phosphate and TPN; A = 5 ;Mmoles glucose-6-phosphate and DPN; 0 = 5 jumoles fructose-6-phosphate and TPN; 0 = 5 umoles fructose-1,6-diphosphate (FDP) and TPN.
vate as the substrate (figure 5). In parallel experiments using 3-phosphoglycerate as substrate (figure 7) inhibition of DPNH oxidation was slight using 50jumoles, and more pronounced but not complete using 100 ,umoles of bisulfite.
Reactions involving TPN reduction. To check for the occurrence of glucose-6-phosphate dehydrogenase in C. tetani, TPN reduction was followed spectrophotometrically in the presence of various substrates. With glucose-6-phosphate, a rapid reduction of TPN occurred (figure 8). Chromatographic analysis of this reaction mixture by the method of Bandurski and Axelrod (1951) showed the presence of a compound with the same mobility as an authentic sample of 6-phosphogluconate. DPN did not serve as a suitable electron acceptor for the oxidation of glucose-6-phosphate. The rate of fructose-6-phosphate oxidation with TPN (figure 8) was equivalent to that of glucose-6-phosphate, suggesting that phosphohexoisomerase was present. Mannose-6-phosphate was not oxidized with TPN as the electron acceptor. As previously men-1959] tioned, TPN was not rapidly reduced with fructose-1 ,6-diphosphate as the substrate. The slow reduction observed with TPN and fructose-1,6-diphosphate could be explained in several ways. TPN could serve directly as the electron acceptor in 3-phosphoglycerate formation. A transhydrogenase reaction between TPNH and DPN (Colowick, 1951) could account for the increase in absorbancy measured. Or, reduction of the TPN could follow a conversion of fructose-i ,6-diphosphate to hexose monophosphate by the action of a phosphatase or by the specific hexose diphosphatase (Gomori, 1943) . No attempt was made to decide between these possibilities.
DISCUSSION
It is evident that C. tetani strains Mueller and 45e carry out an active fermentation of glucose mediated by a specific and inducible glucokinase. The fermentative capacity of these strains is apparently restricted to this sugar since none of the other sugars tested disappeared in significant amounts from the growth media.
The failure of certain investigators to observe glucose fermentation by C. tetani might be explained in part by inadequacies of their growth media since Tasman and Pondman (1941) , using the "L" strain of the tetanus bacillus, report 30 per cent disappearance of glucose from a liver broth medium and 90 to 100 per cent disappearance from a veal broth containing 1 per cent peptone. Likewise, Lerner and Pickett (1945) report that reduced iron in concentrations of 250 to 300,ug per ml of medium is essential for glucose utilization by the Mueller strain. Further, since our data show that an induced glucokinase is involved in the fermentation, it could be that different strains vary in their ability to form this enzyme. More important, since our results and those of Lerner and Pickett (1945) (Breed et al., 1957) and in many recent textbooks of bacteriology, should be eliminated in the future.
Although C. tetani is capable of fermenting glucose, this fermentation occurs only after an initial lag in sugar utilization during which time the culture undergoes the phase of exponential growth. It must be borne in mind that our cultures were maintained in a glucose-containing medium and that the inocula for growth experiments were from cultures actively fermenting glucose at the time of transfer. Thus, the finding that the glucokinase of C. tetani is an induced enzyme does not adequately explain the lag in glucose utilization. One might speculate that the growth medium contained some factor that inhibits glucokinase formation and that this factor must be consumed before enzyme induction occurs. A similar postulate has been proposed to explain the diauxie phenomenon (Cohn, 1956) . For glucokinase activity to be present in cellfree extracts, the cells used in the preparation of these extracts must be grown on glucose-containing medium. Cells grown on a medium containing galactose, or in a medium free of added sugar, are devoid of glucokinase activity as well as galactokinase activity. The extracts that phosphorylated glucose did not phosphorylate a variety of other sugars. A hexokinase similar in specificity to the one reported here has been found in mutant strains of Pseudomonas putrefaciens (Klein, 1953) . Mutant cells of the latter organism could be induced to form hexokinase in the presence of glucose. Cell-free extracts from these mutant cells showed a marked specificity for the phosphorylation of glucose, the phosphorylation of fructose and mannose being very low or absent.
The evidence which has been presented suggests the presence of a glycolytic sequence of enzymes in C. tetani. The evidence does not negate the possibility of additional pathways for the metabolism of glucose but to the contrary strongly suggests their existence. The finding of glucose-6-phosphate dehydrogenase indicates the presence of the shunt mechanism and a comparison of the results obtained with pyruvate and 3-phosphoglycerate as substrates suggests that a pathway is operative in C. tetani similar to that which seems to exist in Clostridium perfringens (Paege et al., 1956) A majority of the enzymes of the EmbdenMeyerhof-Parnas pathway have been demonstrated in cell-free extracts of glucose-grown C. tetani. Glucose-6-phosphate dehydrogenase was also identified. The possibility of an alternate pathway for triose phosphate metabolism is discussed.
